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Electrical Resistivity Monitoring of the Drift Scale Test in Yucca Mountain
A. Ramirez, W. Daily Lawrence Livermore National Laboratory Abstract:
Of the several thermal, mechanical and hydrological measurements being used to monitor the rockmass response, electrical resistance tomography (ERT) is being used to monitor the movement of liquid water with a special interest in the movement of condensate out of the system. Eight boreholes, containing a total of 140 ERT electrodes, were drilled above and below the Heated Drift (HD) to form vertical planes parallel to the drift. In addition, 4 boreholes, containing 60 electrodes, drilled from the Access Observation Drift (AOD)form vertical planes at right angles to the HD.
Four ERT surveys, three before and one after heating began, were conducted during the f i r s t quarter of FY 98.
Tomographic images of absolute electrical resistivity have been calculated using these data and are presented in this report. The report also presents the coordinates of the electrodes used for the ERT surveys. Future reports will include images of electrical resistivity change calculated using data collected before and during the heating episode. The changes to be recovered will then be used in combination w i t h temperature maps of the region to calculate maps of saturation change around the HD.
Introduction:
The Drift Scale test (DST) is one of the in situ thermal tests being conducted in the exploratory studies facility (ESF) in Yucca Mountain to enhance the understanding of the coupled processes. The primary objective of the DST is to investigate the thermalmechanical responses of the Topopah Spring tuff in Yucca Mountain. This paper describes electrical resistance tomography (ERT) surveys made during the DST in order to map the changes in moisture content caused by temperature changes. Of particular interest, is the formation and movement of condensate within the fractured rock mass.
The DST is located off the Observation Drift about 40 m from the Main Tunnel of the ESF and about 2.8 km from the portal of the Tunnel. As shown in Figures 1 and 2 , twelve boreholes were drilled form the HD and the AOD and electrodes emplaced. A total of 2 0 0 electrodes distributed among the 12 holes are used to conduct ERT surveys around the HD. Table 1 . Coordinates (in meters) for the deepest and shallowest electrodes in each ERT borehole. The coordinates for other electrodes in a borehole are obtained by linear interpolation. The assumption that the boreholes are straight provides sufficiently accurate electrode locations for the purpose of ERT data processing. The origin of the coordinate system is located along the centerline of the Heated Drift by the hot side of the bulkhead, at the springline elevation. AOD 5 bott.
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Electrical Resistance Tomography:
Electrical resistance tomography (ERT) is a geophysical imaging technique which can be used to map subsurface resistivity. Rock mass heating creates temperature and liquid saturation changes which result in electrical resistivity changes that are readily measured. The ERT measurements consist of a series of voltage and current measurements from buried electrodes using an automated data collection system. The data are then processed to produce electrical resistivity tomographs using state of the art data inversion algorithms. We use these measurements to calculate tomographs that show the spatial distribution of the subsurface resistivities.
Here we describe briefly some of the important features of the two dimensional ( 2 D ) algorithm. For additional details, the reader is referred to Morelli and LaBrecque (1996) . The algorithm solves both the forward and inverse problems. The forward problem is solved using a finite element technique in 2D. The inverse problem implements a regularized solution which minimizes an objective function. The objective of the inverse routine is to minimize the misfit between the forward modeling data and the field data, and a stabilizing functional of the parameters. The stabilizing functional i s the solution's roughness. This means that the inverse procedure tries to find the smoothest resistivity model which fits the field data to a prescribed tolerance. Resistivity values assigned in this way to the finite element mesh constitute the ERT image. Although the mesh is of a large region around the electrode arrays, only the region inside the ERT electrode array is shown in the results because the region outside the array is poorly constrained by the data. 
Description of ERT surveys:
Along the HD, ERT survey data were collected between adjacent pairs of boreholes. For example, surveys collected below the Heated Drift are collected between boreholes 136 -146, 146 -167, and 167-177. A similar approach is used for surveys collected above the HD. These surveys provide information along two vertical planes (one above and one below the HD) which run parallel to the HD.
The surveys performed from boreholes drilled from the AOD provide information along two vertical planes which run orthogonal to the HD. These surveys are performed by combining electrodes in AOD boreholes with electrodes in HD boreholes. Figure 3 shows the location of the electrodes used for these surveys. We take advantage of the fact that HD boreholes 135 and 136 are close to AOD boreholes 45 and 46; similar comments apply to both AOD boreholes 62 and 63, and HD boreholes 166 and 167. For these surveys, the shallowest (closest to the AOD) 10 electrodes in AOD boreholes 45 and 4 6 were used in combination with the shallowest 5 electrodes (to the HD) in HD boreholes 135 and 136 as shown in Figure 3 . This approach provides better sensitivity and resolution of the rockmass on the left flank of the HD relative to the sensitivity and resolution which would result if only electrodes in the AOD boreholes were used.
Electrode conditions:
The working condition of the electrodes was evaluated prior to baseline data collection. A series of specialized test surveys were performed to identify typical problems w i t h electrodes grouted in place. Problems which can be identified by these surveys include: a) poor electrical contact between electrode and the rock, b) continuity of wires to the electrodes, c) wire assumed to connect to one electrode was inadvertently connected to a different electrode, and d) abrasion of wire insulation creating unintended electrodes within a borehole.
The test surveys revealed that of a total of 200 electrodes installed, 193 are in good working order. The following problem electrodes were identified: 1) in borehole (HD #2 top), the electrode closest to the collar was disconnected because borehole conditions prevented the ERT electrode array to be pushed to its intended depth, 2) the four deepest (farthest away from the collar) electrodes in (HD #8 top) were disconnected; the root cause of this problem is unknown, 3) along (AOD #1), the third electrode from the collar provided incorrect data due to unknown conditions, and, 4) along borehole (AOD #5), the fourth electrode from the collar provided incorrect data due to unknown conditions. Figure 3 shows the location of the electrodes used for two ERT survey planes orthogonal to the Heated Drift.
Baseline Tomographs:
Figures 4 and 5 present tomographs of the electrical resistivity distribution prior to heating. The tomographs show regions of relatively low resistivity as blue-colored areas, and regions of relatively high resistivity as red-colored regions. The data processing steps required to produce this tomographs are very similar to the steps taken to process data from the Single Heater Test; a report describing this work can be found under milestone # SP9215M4.
The data collected between boreholes 135 and 145, and between boreholes 145 and 1 6 6 were combined into a single tomography problem. This approach tends to improve the fidelity and resolution of the tomograph around the common borehole (145). The choice of combining the 166 -176, 135 -145 and 145 -166 surveys was attempted. Such a combined data set resulted in a very large inversion problem that took very long times to converge; thus this approach was abandoned. Similar comments apply to surveys made below the HD between boreholes 136 and 146, and 146 and 167. The remaining data surveys were processed as individual tomographs.
The tomographs shown in Figure 4 show the resistivity distribution along a cross section parallel to the HD. These tomographs show that the average resistivity is approximately 350 ohm-m (10 2.93 ). There also several approximately horizontal regions of relatively low resistivity (blue).
The strongest of these features are present below the HD between boreholes 146 and 167. The root cause of these low-resistivity regions i s unknown at the time of writing. Possible reasons for the low resistivity features are: wetter regions in the rockmass, zones with different mineralogy, regions invaded by cement grout, and/or metallic objects in electrical contact with the rock.
The tomographs shown in Figure 5 show the resistivity distribution along two cross sections oriented at right angles to the HD. The left hand image part of the figure shows a resistivity tomograph orthogonal to the HD and about 4 m away from the bulkhead. This image shows an approximately horizontal low resistivity extending away from the HD. The cause for this feature remains unknown at the time of writing.
The right hand part of Figure 5 shows a resistivity tomograph orthogonal to the HD and about 24 m away from the bulkhead. This tomograph shows a near vertical region of relatively high resistivity near the center of the image.
Note that for both of the images in Figures 4 and 5 , the region that coincides with the HD is modeled as a low resistivity zone due to all the metallic objects (i.e., steel mesh along the walls, rock bolts, cable trays, heater canisters) present along the walls of the HD. 
Summary and Conclusions:
ERT surveys have been conducted around the HD before and after heating started. The surveys are made along vertical planes which are parallel to and orthogonal the HD. During this quarter, three full baseline data sets were collected before heating and one after heating. This report presents tomographic images of absolute electrical resistivity corresponding to the pre-heating conditions. The report also presents the coordinates of the electrodes used for the ERT surveys. The tomographs show that there are several low resistivity zones present. Future reports will show images of electrical resistivity change calculated using data collected before and during the heating episode. The changes to be recovered will then be used in combination with temperature maps of the region to calculate maps of saturation change around the HD.
